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ABSTRACT
The Department ofDefense has placed a high priority on the development of new
ejection seat technologies to reduce the risk of injury for a new aircrew population that
includes female pilots. The Navy is currently investigating design concepts to reduce
ejection accelerations to acceptable levels for this expanded aircrew population. Through
modem computer simulation methods, the analysis of potential designs can be conducted
at the "drawing board" stage, thereby reducing developmental risk and decreasing cost
during qualification testing.
All goals of this research study have been met. Two computational tools have
I
been evaluated for their feasibility and applicability to the simulation of the aerodynamic
effect of ejection seat stabilization devices. An approximate method based on
experimentally measured flat plate flows has been compared to wind tunnel tests of
ejection seat stabilization concepts with better than anticipated accuracy for subsonic
flows. An ejection seat six degree-of-freedom model was updated to include the
approximate stabilization fin effect for ejection simulations. A CFD method was
implemented to investigate the performance of the stabilization fin at transonic airspeeds.
The CFD method has proven to be impractical for the engineering purposes ofcalculating
aerodynamic coefficients of conceptual ejection seat designs. The greatest benefit to
accrue from this analysis may have been in the ability to produce qualitative flowfield plots
ofMach number and total pressure and the static pressure distribution along the
1
stabilization fin for future structural analysis. Also, the flowfield plots can be used to
assess the possibility ofblockage effects during wind tunnel testing.
1.0 INTRODUCTION
The Department ofDefense has placed a high priority on the development ofnew
ejection seat technologies to reduce ejection injuries. Recent congressional legislation and
Department ofDefense policies have established new pilot entrance criteria that reduces
the minimum weight for tactical aircraft pilots from 135 to 100 lb. However, nearly all
ejection seats in tactical aircraft are qualified and designed to safely eject pilots with a
minimum weight of 135 lb. During high speed ejections, the instability of ejection seats
induces high lateral accelerations that may exceed injury threshold levels for low weight
crewmembers. The Navy Escape Technologies Development Program and the Navy
Aircrew Common Ejection Seat Pre-Planned Product Improvement (NACES p3I)
Program, are two such programs currently implemented to investigate design concepts for
improved ejection safety. The NACES P3I program has focused on low risk, "quick-fix"
solutions, while the Escape Technologies program is focusing on moderate-risk, high-
payoff technologies that require longer term engineering development.
Recent advances in computational processing speed and data storage have enabled
modeling and simulation of complex engineering problems such as the aerodynamics of
ejection seat configurations. Through modem computer simulation methods, the analysis
2
ofpotential designs can be conducted at the "drawing board" stage, thereby reducing
developmental risk and decreasing cost during qualification testing.
1.1 OBJECTIVE
The purpose ofthis study is twofold. First, this study seeks to assess the feasibility
and applicability of modem computational tools to predict the aerodynamic performance
of ejection seat conceptual designs. Second, once confidence is achieved in the prediction
method, the effectiveness ofvarious designs can be quantified to assist in the development
of an improved ejection seat design. The prediction methods utilized for this research
include computational fluid dynamics (CFD) codes for aerodynamic analysis and six-
degree-of-freedom (6DOF) models to predict the dynamic performance of the ejection
seat.
1.2 EJECTION SEAT FUNCTIONAL DESCRIPTION
The ejection seat is a complex and unique piece ofequipment because it serves to
provide a comfortable and adjustable seating platform during normal in-flight operating
conditions and is equipped to serve as an emergency vehicle for the quick and safe
extraction of the pilot during an emergency situation. After the pilot pulls the ejection
handle, all ejection seat subsystems are initiated automatically by an internal hot gas signal
initiation system. Immediately after handle pull, hot gas is sent through internal lines to
initiate the canopy jettison rocket motors. After a 0.3 second delay to allow the canopy to
3
jettison to a safe separation distance, cartridge activated inertia reels retract the
crewmember back into proper ejection position. A gas signal is then sent to activate the
explosive charges inside the telescoping ejection seat catapult. The gases expand inside
the catapult tube to propel the crewmember from the cockpit along the aircraft guide rails.
After approximately 2 feet of travel, an electrical switch is closed to activate the ejection
seat microprocessor controlled sequencer. At the top of the rails, (3.5 feet) the under seat
rocket motors are ignited to propel the crewmember to a sufficient altitude for full
inflation of the pilot's recovery parachute. The motors are designed to provide
asymmetric thrust to ensure sufficient separation distance between the front and rear
crewmembers. During rocket bum, the drogue stabilization parachute is deployed to
decelerate the crewmember prior to main parachute deployment and to properly align the
crewmember into the airstream for improved physiological tolerance to aerodynamic
loads. Modem ejection seats such as the Navy Aircrew Common Ejection Seat (NACES)
shown in Figure 1-1 are equipped with deployable pitot tubes to record airstream dynamic
pressure. These readings, along with base pressure data recorded by sensors located
inside the sequencer, are sent to the on-board microprocessor to calculate the altitude and
airspeed conditions. These readings are processed to determine the time delay mode for
deployment of the main parachute.
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Figure 1-1 Navy Aircrew Common Ejection Seat (NACES)
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1.3 EJECTION SEAT AERODYNAMIC PERFORMANCE DATA
Ejection seat wind tunnel test data have been gathered to assess the general
aerodynamics of the ejection seat with crewmember configuration. The data includes
several variations in ejection seat designs and aircrew size. In 1974, the Air Force Flight
Dynamics Laboratory conducted wind tunnel tests of the F-I0l and F-106 aircraft ejection
seats at the Arnold Engineering Development Center's (AEDC) 16 ft. wind tunnel
facilities (1). This was an exhaustive effort which served to establish ejection seat wind
tunnel testing procedures and quantify aerodynamic relationships for Mach number,
altitude, angle of attack, and yaw angle. The range of conditions included Mach numbers
from 0.2 - 1.5, angles of attack from 0 - 360 degrees, and sideslip angles between 0 and 45
degrees. Also, ejection seat rocket plume effects and scaling procedures were quantified.
In 1987, wind tunnel tests were conducted by the Air Force Armstrong Aeromedical
Laboratory at the AEDC 16 ft. wind tunnel facilities to measure the aerodynamic
characteristics of ACES II with small female and large male manikins from Mach 0.2 -1.4
(2). Wind tunnel tests were conducted ofa CRew Escape Technologies (CREST)
ejection seat during June- July 1987 at the Arnold Engineering Development Center's 16T
and 16S Propulsion Wind Tunnel (3). The concepts that were demonstrated under the
CREST program included flow stagnation fences for windblast protection, thrust vector
control rockets for active ejection seat stabilization, and stabilization fins for passive
aerodynamic stability.
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1.3.1 Axis and Notation
The axes to be used in this thesis are identical to the orientation commonly used in
wind tunnel tests (1) and are consistent with the aircraft axis system. The ejection seat
reference axes are a set of mutually perpendicular X, Y, Z axes with its origin at the seat
reference point (SRP) as illustrated in Figure 1-2. The SRP is defined as the intersection
of the back tangent line and the thigh tangent line. This location has been chosen as the
origin because it represents a common point for all ejection seat/crewmember models.
Table 1-1 defines the notation for the rotations about the x, y, and z axes.
Aerodynamic force and moment coefficients are defined according to their
component axis as listed in Table 1-2 and 1-3. The force coefficients are normalized by
dividing the force components by the incompressible dynamic pressure, q=I/2pV2, and
frontal area, A. The moment coefficients are normalized by dividing by q, A, and a
dimensional length, d, equal to the diameter of a circle that has an area equal to the
seat/crewmember frontal area, A.
Description Notation Positive Direction
Roll Angle d> Roll Right
Angle-of-Attack a. Pitch Up
Angle-of-Sideslip \II = -13 Yaw Right
Table 1-1 Orientation Angle Definition
7
Description Coefficient Definition
Axial Force Cx Fx
1I2pV2 A
Side Force Cy Fy
1/ 2pV 2 A
Normal Force Cz Fz
1I2pV2 A
Table 1-2 Aerodynamic Force Coefficient Definition
Description Coefficient Definition
Roll Moment CI Mx
1/2pV 2 Ad
Pitch Moment Cm My
1/ 2pV 2 Ad
Yaw Moment Cn Mz
1/ 2pV 2 Ad
where d ~ hydraulic diameter ~ ~4:
Table 1-3 Aerodynamic Moment Coefficient Definition
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Figure 1-2 Reference Frame for Ejection Seat Aerodynamic Data
1.3.2 Longitudinal Characteristics
A comparison of the axial force, Cx, normal force, Cz, and pitch moment, Cm,
coefficients for Mach 1.2 are shown in Figures 1-3, 1-4, and 1-5. As the angle of attack
increases, the body becomes more "streamlined", thereby reducing the axial load. The
9
normal force is greatest when the seat is fully reclined (90 degree pitch back). All ejection
seats show similar trends with only a few exceptions. The F-I06 seat at low alpha shows
an anomaly at Iowa. that may be caused by interference with the wind tunnel support
structure or data reduction method. The pitch moment for the CREST ejection seat is
much higher than the other seats. This is most likely caused by the addition ofwindblast
protection devices and large underseat rocket motors.
1.3.3 Lateral (Directional) Characteristics
Lateral forces exerted on the crewmember is a critical concern to escape system
engineers due to a lower physiological tolerance of the crewmember to side loads. Injury
potential studies have shown that an average-size human can withstand approximately 15
gls for a side load versus approximately 30-35 gls for a horizontal (frontal) load. Figure 1-
6 shows a Mach 1.2 comparison ofthe lateral force coefficients for each of the ejection
seats. The lateral force is a nearly linear relationship of sideslip up to 45 degrees.
The calculation ofaerodynamic roll moment is important because an upright seat
aligns the rocket motors vertically to thrust the crewmember to a safe altitude for main
parachute deployment. It is also important that this moment be minimized because
stabilization parachutes are not designed to correct for roll attitude control. Fortunately,
the aerodynamic roll moment is significantly less than the counteracting mass moment-of-
inertia about the horizontal axis. In a study by Hawker (4), the roll moment was found to
increase significantly when the crewmember is in an asymmetric position relative to the
10
seat. This would point to a greater need for proper restraint systems and less on the need
for an ejection seat system that is aerodynamic stable in roll. As can be seen in Figure 1-7,
the roll moment, although very low, is a function of sideslip.
Static directional (yaw) stability is defined as the ability of a body when at an angle
ofyaw, \II, relative to its flight path to produce a yawing moment, Cn, such as to tend to
restore it to symmetric flight (5). The measure ofdirectional stability is determined by the
slope ofthe yaw moment coefficient versus angle ofyaw, and is denoted as OCn/8\jJ. For
stability, this value ofthe slope must be negative. This would ensure that for positive
disturbances in \II, a negative counteracting moment will be produced that reduces the yaw
angle until the ejection seat reaches its trim attitude (typically 0 degrees) where no
moments are applied and the seat becomes balanced. Figure 1-8 shows a Cn versus
sideslip ( ~= -\II) plot obtained in wind tunnel tests. All ejection seats demonstrate
unstable characteristics.
1.3.4 Aircraft Forebody Proximity Effects
As previously mentioned, the ejection seat flowfield is quite complex and there are
many factors that have a significant impact on its aerodynamic behavior. One ofthe
critical factors is the effect of the flowfield wake from the aircraft forebody. Achieving
stabilization ofthe ejection seat is most critical during the time after the seat leaves the
rails until the primary mode ofstabilization (typically the drogue parachute) becomes
active. Wind tunnel tests (6,7) have shown that the aerodynamic characteristics of the
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ejection seat is significantly affected by the aircraft forebody wake flow. This suggests
that analysis ofejection seat stabilization characteristics and design of stabilization
concepts should include at least an estimate ofthese effects.
Wind tunnel tests were conducted at Rockwell Trisonic Wind Tunnel facilities in
1976 and 1977 to assess the aerodynamic effects of the ACES I ejection seat in proximity
to the B-1B aircraft (6). The first series of tests consisted of dual side-by-side ejections
and the second series consisted of single seats ejecting in sequence (forward and aft)).
Tests were conducted at freestream Mach Nos. of 0.6, 0.9, and 1.2 with the ejection seat
at varying longitudinal and vertical distances from the aircraft. Wind tunnel tests were
also conducted by AFAMRL to assess the aerodynamic characteristics of the ACES II in
proximity to an F-16 forebody (7). F-16 tests were conducted at Mach 0.4,0.6,0.8, 1.0,
and 1.2 with separation distances up to 4 feet. The aerodynamic forces exerted on the
pilot are of greater concern with the F-16 forebody because the aircraft windscreen
remains with the canopy during jettison. The ability to quantify these effects are also
important in the use ofsix degree-of-freedom trajectory prediction models. The effect of
aircraft proximity was found to be negligible on the directional aerodynamic characteristics
and, thus, are not reported here.
Figure 1-9 shows the variation ofthe axial force coefficient as a function of
separation distance and Mach number for both the B-1Band F-16 forebodies. The
increase in Cx with respect to separation distance shows the effect of the forebody acting
as a windscreen to reduce the drag forces being exerted on the seat. The region of
12
influence is shown to extend beyond 4 feet for the F-16 forebody and up to 10 feet for the
larger B-1B forebody.
The plot of Cz versus separation distance in Figure 1-10 shows the complex nature
of seat/aircraft separation characteristics. For the F-16, the oscillation ofCz as a function
of separation distance may be due to strong cavitational effects in a small cockpit. For the
B-IB, cavitational effects are not as strong, but the oscillation ofCz at Mach 1.2 indicates
a possible shock wave-boundary layer interaction.
The Cm plot in Figure 1-11 shows that the pitch moment coefficient increases until
a maximum is reached approximately midway up the aircraft guide rails (2 feet for the F-
16,3 feet for the B-1B) and then decreases to the freestream values at4 feet for the F-16
and 10 feet for the B-IB.
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1.4 EJECTION SEAT FULL DYNAMIC PERFORMANCE DATA
The aerodynamic data presented in Section 1.3 are based on static measurements
taken under benign wind tunnel conditions. The true measure of the ejection seat system
must include the full dynamic interaction ofpropulsion and aerodynamic forces acting
against the non-rigid crewmember/ejection seat configuration and must be evaluated in the
environment for which it is to perfonn. To qualify an ejection seat for operational use
requires dynamic ejection seat testing from 0 to 600 knots equivalent from a test vehicle
representing accurate aircraft outer surface and cockpit dimensions. The test vehicle is
accelerated down a track by solid propellant pusher rockets that are varied in size and
number to give the desired airspeed at ejection initiation. When the sled vehicle passes by
a fixed screen box at a specified location along the track, an electrical circuit is closed to
activate the automated escape system.
1.4.1 Ejection Seat Performance Criteria
Navy and Air Force aircraft mishap statistics show that ejection seats successfully
recover crewmembers without serious injury in over 90% ofthe ejections below 400 knots
(8) but the success rate drops to less than 50% above 400 knots. At high air speeds the
head and neck are exposed to excessive aerodynamic lift forces and the spinal column is
exposed to high lateral loads due to the instability of the ejection seat. Table 1-2 lists the
current maximum acceleration limits that have been found to be safely tolerated by human
volunteers and cadavers through several research studies (9).
23
Direction Notation Acceleration Limit (2'S)
Frontal (deceleration) - Gx -30
Frontal (acceleration) +Gx 35
Lateral +/- Gy 15
Vertical (compression) -Gz -12
Vertical (tension) +Gz 16
Table 1-4 Human Physiological Acceleration Limits
1.4.2 Ejection Seat Test Data
Linear accelerations and rotation rate data is recorded in the chest cavity of
instrumented test manikins representing the weight extremes of the current acceptable
pilot population (135-212 lb.). Figures 1-12 and 1-13 show the NACES linear
acceleration data from 0 and 600 KEAS ejection tests with a 135 lb. test manikin. In the 0
KEAS test, most of the acceleration is in the positive z direction due to the vertical thrust
produced by the catapult gun and under seat rocket motors. At 600 KEAS, the Gx and
Gz component significantly increase due to the aerodynamic forces. The Gy (lateral)
acceleration exceeded the 15g physiological limit because the ejection seat was yawed
with the airstream before the drogue parachute was fully deployed.
The rotational velocities recorded in the 0 KEAS test (Figure 1-14) are
significantly lower than those recorded in the 600 KEAS test in Figure 1-15. This
demonstrates a need for ejection seat stabilization improvements.
24
25
15-
I
~
.!!
u~ 5 - - - ~-=j l ~j0 0.4 0.6 0.7 0.8 ··"·0.9
-5 -
~
\
-15
-25
Time (sec)
Figure 1-12 Ejection Seat Linear Accelerations, KEAS = 0
25
30-
25
20
15-
~I 10
.9
IJ--:f\~~- ~---·~/M !- Gx!I-Gyl0.6 0.7 . 0.9 L_ Gzi
..
~ I -10 .
-15 .
-20 -
-25 -
-30
Time (sec.)
Figure 1-13 Ejection Seat Linear Accelerations, KEAS = 600
26
1000
500
I
II t-· -G~-
0.1r1 a
I
-500 .
-1000-
0.4 0.5
Time (sec)
0.6 0.7 0.8"'---4;---
I· - - --
--Roil Rate
-- Pitch Rate
Yaw Rate
Figure 1-14 Ejection Seat Rotation Rate Data, KEAS =0
27
I
I
r
1000
-500
Time (sec)
Figure 1-15 Ejection Seat Rotation Rate Data, KEAS = 600
28
~- Roll Rate ·1
1--Pitch Rate
L_ Yaw Rate I
1.5 EJECTION SEAT STABILIZATION METHODS
The lateral loads are greatest during stabilization parachute opening shock. Thus,
it becomes essential that the ejection seat be nearly aligned with the windstream prior to
parachute opening. This study focuses on the stabilization aspects of the ejection seat
performance, therefore, details on the state-of-the..art in stabilization methods are worth
further discussion.
1.5.1 Drogue Parachute
The method of stabilization on many current ejection seats, (such as NACES) is to
deploy a small stabilizing parachute as shown in Figure 1-16. The drogue parachute has
advantages over other methods in that it is able to stabilize in both the pitch and yaw axes
and can be stowed in a relatively compact volume behind the seat and does not interfere
with other ejection seat subsystems. However, the drogue parachute has a few
disadvantages that do not make it an ideal choice as a stand-alone high speed stabilization
system. First of all, the effectiveness of the aeroconical parachutes significantly decreases
above Mach 1.1 due to the formation of a shock wave near the entrance of the parachute
canopy (10). The loss in pressure inside the parachute will not allow the parachute to fully
inflate. Also, at ejection speeds above 450 KEAS, the decelerations imposed on the
crewmember due to parachute drag forces approaches the crewmember's physiological
limits as well as the structural limits of the parachute canopy and suspension lines. This
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problem can be corrected by using reefing techniques or a delayed deployment which may
solve the high speed problem but will degrade effectiveness at lower speeds.
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Figure 1-16 NACES with Drogue Parachute
1.5.2 Controllable Propulsion Systems
The use of a propulsion system to provide stabilization has been demonstrated on a
few current ejection seats and has been given a great deal of consideration for future
ejection seats because of its advantages in inverted roll recovery, reduction of deceleration
forces, and controllable attitude capabilities. The disadvantages arise primarily in
developing the complex control laws required for processing the stabilization thrust vector
and the increase in weight that is typical ofmost propulsion systems. Controllable
propulsion concepts can be categorized by their methods of achieving a controllable thrust
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vector. Some concepts utilize a fixed thrust level from a single rocket nozzle that is
allowed to rotate along one or more axes. Other concepts use multiple nozzles each with
fixed thrust angles but with controlled variations in thrust levels.
The Stabilization Pitch and Control (STAPAC) system is currently installed on the
Navy ESCAPAC lE-l and the Air Force Advanced Crew Ejection Seat (ACES II), both
of which are manufactured by McDonnell Douglas Aircraft Co. The STAPAC system
uses a pitch-sensing seat-mounted gyro to control an underseat vernier rocket which is
free to rotate along the pitch axis with a fixed thrust level (11) as shown in Figure 1-17.
This system gives the capability of correcting any undesirable pitch moment produced by
the offset between the main rocket thrust line and center of gravity and will also correct
for any adverse pitch moments produced by high speed aerodynamic forces. The
drawback to the STAPAC concept is in its slow response time due to the open-loop
control and mechanical linkages.
Other controllable propulsion concepts are in the developmental stage for use in
ejection seats. One promising candidate is the Pintle Escape Propulsion System (PEPS)
currently being developed by Aerojet and McDonnell Douglas under the Fourth
Generation Escape Systems Technology Demonstration Program (12). This concept
utilizes a movable pintle whose motion inside the nozzle is controlled to alter the throat
area and exit thrust. PEPS consists offour nozzles, each with fixed nozzle orientations
but variable thrust levels. An onboard microprocessor receives angular rate and
acceleration data from seat mounted sensors to calculate the moment necessary for
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stabilization and distribution ofthrust levels for each nozzle. The closed loop control
scheme loop sends a signal back to the pintle actuator to adjust the location ofthe pintle.
This concept has been in use for advanced tactical missile systems but requires
repackaging and verification for ejection seat purposes due to differences in performance
. requirements. The disadvantages ofthis system are in the development risk ofnew
technologies.
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Figure 1-17, Operation of STAPAC Propulsion Concept
1.5.3 Drogue Boom
The K-36 ejection seat was developed by Zvezda Design Bureau, Moscow for use
in Russian military fighters as well as the K-36RB version for use in the Russian Buran
space shuttle orbiter. For stabilization, the K-36 deploys two telescoping booms with
small parachutes attached at the ends of the booms (13). This stabilization system
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produces a moment comparable in magnitude to standard drogue parachutes by increasing
. the lateral moment arm to compensate for the lower drag produced by the smaller
parachutes. This system becomes effective more rapidly than aerodynamically deployed
drogue parachutes because the drogue booms are ballistically deployed and the parachutes
are smaller. The disadvantages with this system are in the added weight and stowage
requirements ofthe retracted booms.
1.5.4 Yaw Stabilization Fins
Small perturbations in pilot positioning and asymmetric rocket thrusts can cause
the ejection seat to become yawed into the windstream. Because the ejection seat center
ofpressure (c.p.) is forward of the seatfcrewmember center ofgravity (c.g.), the resulting
aerodynamic moment will further increase the angle ofyaw causing the seat to become
unstable as shown Figure 1-18. When an aerodynamic surface is deployed, the
aerodynamic forces applied normal to the surface will increase. A surface deployed behind
the seatfcrewmember c.g., will produce an aerodynamic moment counteracting the
adverse yaw rotation. As shown in Figure 1-19, the fin that is not exposed to the
windstream will be blanked by the seat and will not contribute any significant force. If
designed properly, the exposed fin will produce an aerodynamic moment large enough to
counteract the inherent seat instability.
The design and development of a stabilization fin geometry and deployment
mechanism, however, is not as simple as it may seem. First of all, the fin geometry must
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be compact enough to fit within the tight constraints of the aircraft crew station without
interfering with other ejection seat and life support equipment. Second, the deployment
mechanism must be designed to be strong enough to support a fin with high static loading
and be capable ofdeploying against the impulsive forces acting against its upward motion.
From an engineering view, the deployable fin concept is ideally suited for an ejection seat
upgrade design because it is a relatively low risk development item. Figure 1-20 shows an
illustration ofa potential NACES yaw stabilization design concept.
Figure 1-18 Unstable Ejection Seat in Sideslip Condition
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Figure 1-19 Stable Ejection Seat with Fins
Figure 1-20 Conceptual Drawing of Ejection Seat With Fins
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2.0 COMPUTATIONAL METHODS
Two computational methods have been used in this thesis. An ejection seat six
degree-of-freedom (6 DOF) model has been modified to predict the dynamic performance
of a conceptual design ofan ejection seat with stabilization fin. A computational fluid
dynamics (CFD) code is used to predict the ejection seat aerodynamics with and without
the stabilization fin. Although the application ofboth models are equally important for
this thesis, considerably more attention has been focused on the CFD method because of
the higher level of complexity and computational requirements.
2.1 SIX DEGREE-OF-FREEDOM COMPUTATIONAL MODEL
The Navy's Advanced Crew Capsule Escape System Simulation (ACCESS) model
has been developed to predict the performance characteristics ofNavy ejection seats.
Originally written for enclosed escape capsules, the ACCESS code contains features to
model all escape system components (14). In a recent study completed for the Aircrew
Accommodation Expansion Program, the ACCESS code was validated for the entire
inventory ofNavy ejection seats in the aircraft that are currently operational (15). These
aircraft include the F/A-18, F-14, A-6, EA-6B, T-2, S-3A, AV-8B, and TAV-8B. The
validation study modeled the performance characteristics of each ejection seat at the
crewmember weight extremes (135-212 lb.) and airspeed extremes (0-600 KEAS) for
which they were qualified. The confidence derived from the successful validation study
allows for the simulation of the design concepts evaluated in this thesis.
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2.1.1 General Formulation
The ACCESS model solves the six degree-of-freedom motion ofa rigid body
subjected to externally applied forces. The six degrees offreedom are the linear and
angular motions along and about the x, y, and z axes. The ACCESS model sums the
externally applied forces and moments about the ejection seat /crewmember center of
gravity to calculate instantaneous linear and angular acceleration. The equations of
motion are used to solve for the linear and angular velocities, linear position, and angular
orientation. The conservation of linear momentum for a rigid body is commonly known as
Newton's Second Law of motion which states that,
L: F =m *ap where,
F = externally applied forces from ejection seat components
m = mass ofejection seat/crewmember combination
ap =acceleration of a point, P, in rigid body motion relative to origin, 0,
a0 = initial acceleration,
a. = angular acceleration of the rigid body,
rplO = position vector, and
co = rotational velocity ofthe rigid body.
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The conservation of angular momentum states,
L M = [Ixxa x - (Iyy - IrJwlJJ rF+[Iyyay - (Iu - Ixx)wxWr]J +[Irra r - (Ixx - Iyy)oJ xW y]k
where M =moment about e.g.
lxx, Iyy, and Izz = moments ofinertia about the X, y, and z principal axes
i,], k = unit vectors in the x, y, and z directions
Three numerical schemes are implemented in the model to track the ejection seat's
position and orientation. Along the aircraft rail, Newmark's method (16) has been chosen
for integration ofthe motion description because it is an implicit scheme that is
unconditionally stable for integration ofstructural dynamics problems. Along the rails,
high frequency vibrations exist which, if not resolved through proper numerical
techniques, may influence the predicted velocity at rail separation.
After the ejection seat leaves the rails, a predictor-corrector scheme is applied.
The Runge-Kutta scheme is implemented to provide the initial predictor for the first four
time steps. The four-step Adams-Bashforth prediction equation and two-step Adams -
Moulton corrector equations (17) are used for subsequent calculations.
2.1.2 Propulsion Models
The ACCESS model sums the applied force contributions from the catapult and
rocket motors via a user-defined thrust versus time table. For the catapult, this applied
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force is simply the pressure acting on the upper surface of the catapult piston multiplied by
the piston upper surface area. The time-varying pressure data, measured by a pressure
sensor near the top ofthe catapult, can be treated as constant over the surface area
without introducing any significant error. The catapult thrust profile is dependent on
ambient temperature and payload weight. The ACCESS model includes two thrust vs.
time tables for low weight (135 lb.) and heavy weight (212 lb.) crewmembers at an
average ambient temperature of70° F.
The forces applied by the rocket motors are modeled in a similar fashion. The
rocket force model is the pressure at the nozzle throat multiplied by the throat area. The
rocket model for NACES accounts for the use of six separate rocket nozzles each with
unique locations, orientations, and thrust profiles. Five ofthe nozzles have equal thrust
profiles with nozzle orientations designed to provide thrust along a line intersecting the
nominal seat/crewmember e.g. location. The sixth nozzle has a smaller diameter and is
orientated away from the e.g. to provide lateral divergence distance in dual-seat ejections.
All nozzles are canted outward so that the rocket exhaust will not entrain the inside ofthe
cockpit. '
Figures 2-1 and 2-2 show sample comparisons of the x and z accelerations
predicted by ACCESS versus test data for a typical ejection seat catapult and rocket thrust
profile. The small differences between measured and computed can be attributed to the
rigid body assumption of the model. Test video has shown that the manikin's (or pilot's)
spinal column will compress slightly during initial seat acceleration and then overshoot to
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compensate for the motion lag. The rigid body assumption simply "smoothes" out the
acceleration profile during this phase and does not impose any significant errors to the
prediction of ejection seat motion after rocket burnout.
2.1.3 Aerodynamic Model
The aerodynamic model in ACCESS consists ofdata obtained during ACES II
wind tunnel tests of the small female and large male manikins as discussed in Section 1.
The Air Force data is used to model NACES aerodynamics because no aerodynamic data
was gathered during NACES qualification. A comparison of this data with CFD-derived
NACES aerodynamic coefficients is described in Section 3. The data is organized as a
three-dimensional data array with each force coefficient being a function ofMach number,
angle-of-attack, and angle -of- sideslip. The ACCESS model calculates the Mach number
and orientations for every time step and "looks up" the corresponding coefficients stored
in the data arrays. The aerodynamic coefficients are multiplied by the incompressible
dynamic pressure and frontal area as listed in Tables 1- 2 and 1-3 to determine the total
force and moment contribution to be applied at the specified seat reference point.
2.1.5 Parachute Model '
The ejection seat drogue and pilot recovery parachutes are modeled as a simple
deceleration force,
1
F =2* p*V 2 *(CD *A) where,
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p = freestream air density
v =ejection seat total velocity
CD = parachute drag coefficient
A =nominal area ofparachute canopy
The parachute opening force calculation begins once the parachute lines have fully
stretched. This force is applied at the parachute lines confluence point and acts in the
direction ofthe velocity vector. The parachute model includes an approximation of the
drag area (CD*A) as a function of time as reported by Ludtke (18). Ludtke found that the
parachute opening characteristics closely follow the relationship,
where,
Ao = parachute diameter at full open
to = time from parachute line stretch to first full open
't = initial drag area at parachute line stretch, and
j = 1 and 2 for the NACES drogue and recovery parachutes, respectively.
The values requiring input to the ACCESS parachute model include CD, Ao, 't, confluence
point location, j, and a table of10 values as a function ofthe velocity at parachute opening.
The to table has been compiled using historical data gathered during NACES parachute
qualification tests. Figure 2-3 shows a comparison of the parachute loads calculated by
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ACCESS compared with NACES parachute load data recorded by strain gauges located
along the parachute risers. This figure shows excellent agreement with the Ludtke method
for calculation ofparachute opening force.
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2.1.6 Stabilization Fin Model
The aerodynamic contribution from the stabilization fin is modeled in a similar
manner as the main aerodynamic subroutine. The stabilization fin aerodynamic
coefficients are read in at each time step from the stabilization fin aero model which
contains the aerodynamic data offin alone in the same 3-D data array format as the main
aero model described in Section 2.1.3. This model, however, only contains force
coefficients. The force contribution is calculated by multiplying the fin aero coefficient by
the fin area, air density and freestream velocity squared. The fin moment contribution is
calculated by multiplying the force contribution by the calculated moment arm between the
specified fin location and aerodynamic seat reference point.
As a first order approximation, the force contribution from the stabilization fin can
be modeled as a square flat plate in freestream flow. In a book by Hoerner (19), the flat
plate normal force coefficients have been measured for square flat plates in supercritical
flow (Reynolds number greater than 1,000,000) as a function of angle of incidence.
Figure 2-4 shows a plot of the flat plate normal force coefficients and the corresponding
Cx and Cy component values. Notice that the flat plate normal force will increase linearly
until reaching the maximum at about 45 degrees. Beyond 45 degrees of incidence, the
normal force drops sharply to a constant value of 1.17.
The application ofHoerner' s flat plate data to the ejection seat fin model may not
be correct because this data is only for square or rectangular plates and does not include
the possible airflow interference caused by the ejection seat and crewmember. Therefore,
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the application ofthe flat plate data must be confirmed through wind tunnel tests or CFD
analysis.
Data collected from an Air Force Aerospace Medical Research Laboratory wind
tunnel test program conducted in 1982-1983 at the Vought low speed (Mach 0.26) wind
tunnel facilities (20) were used to compare the flat plate approximation to test data. In
this test, the baseline configuration consisted ofa 1/2 scale ACES II ejection seat with a
mid-size manikin. Two stabilization fin designs were investigated. The stabilization
device shown in Figure 2-5 is a bar 2 inches wide and 20 inches long which extended out
at a 15° splay angle from the ejection seat. The other concept tested was a triangular-
shape surface with an area approximately 1.0 square feet which also extended out at a 15°
angle as shown in Figure 2-6.
The following relationships have been used to compare Hoerner's data to the
aerodynamic coefficients measured in the wind tunnel,
F =F +Fji,_ ,_ ' n
where
S =surface area ofthe seat, fin, or seat with fin (total)
Cj = x, y, or z force coefficient component
Hoerner's data must also be adjusted to account for the splay angle of the fin
relative to the ejection seat. The angle of incidence will be the splay angle plus the
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ejection seat sideslip. For sideslip angles less than the splay angle, the opposite fin will
remain exposed and, therefore, the contribution from this fin must be subtracted from the
force produced by the fully exposed fin. For example, the calculation ofthe fin lateral
force coefficient with an ejection seat at 5° sideslip, would be,
CYfin (fi = 5~ = CYfin (20 °incidence) - CYfin (JOoincidence)
Figure 2-7 shows a comparison ofthe lateral force coefficients measured in the
wind tunnel data versus the estimated coefficient using the adjusted Hoerner data.
Excellent agreement was reached in comparison ofHoerner's data to the wind tunnel tests
for all sideslip angles. It appears that this method is an excellent approximation to the
aerodynamic effect at low Mach numbers and any interference effects from the ejection
seatJcrewmember configuration can be neglected. The extrapolation ofthis approximation
to higher Mach numbers is accomplished through CFD methods described in Section 3.2.
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Figure 2-5 ACES n Wind Tunnel Test Model - Long Bar
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Figure 2-6 ACES n Wind Tunnel Test Model - Triangular Surface
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2.2 CFD MODEL
Computational fluid dynamics (CFD) is an area of research that encompasses the
use ofnumerical methods to solve flow-governing partial differential equations.
Numerical methods in CFD discretize the partial differential equations on a computational
grid, formulate a set of algebraic equations, and solve the algebraic equations. Solutions
ofthe primary flow variables are obtained at discrete locations in the flow field. Flow
visualization software is used to plot the distribution of the flow variables over the
physical region of interest.
Due to major advances in computational hardware and numerical techniques in the
last few years, CFD methods have now become feasible for aerodynamic analysis of
ejection seat configurations. CFD methods can be used to analyze the escape system
configuration in the early conceptual phase while wind tunnel testing can be reserved for
design verification. However, the bluffbody shape of the ejection seat with crewmember
poses a number of challenges to obtaining CFD solutions. First, ejection speeds can range
from 0 - to 600 knots which translates to Reynolds numbers on the order of 5,000,000.
Therefore viscous effects are important, and Navier-Stokes solution schemes must be
implemented. Second, the bluffbody shape will create large regions of separated flow
which have troubled researchers in their quest to mathematically model turbulence
quantities. Third, the geometric representation of the ejection seat /crewmember
configuration must have enough detail to accurately capture the unique flow features, yet
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must not be overly detailed to remain within computational processing and memory
storage constraints.
The CFD software chosen for this thesis is a commercially-available package from
CFD Research Corp. in Huntsville, AL. CFD-ACE is the main flow solution code capable
of solving the turbulent, compressible, 3-D, Navier-Stokes equations (21). The
computational grids and ejection seat surface models were created with CFDRC's CFD-
GEOM software program. Flow solutions are plotted with the CFD-VIEW software.
The software was written in FORTRAN 77 and can be compiled for use on any UNIX-
based workstation.
2.2.1 Governing Equations
In computational fluid dynamics methods, the fluid flows are simulated by
numerically solving partial differential equations that govern the flow variables. These
equations include conservation ofmass (also referred to as the continuity equation),
conservation of momentum, and conservation ofenergy. The turbulent kinetic energy
equation is also included to help solve the turbulence quantities.
In any fluid flow, the continuum hypothesis states that mass must be conserved
such that,
where Uj is the jth Cartesian component of instantaneous velocity
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The law of conservation of momentum states,
where P= static pressure
r if = viscous stress tensor and
f ;= body force
For Newtonian fluids, the stress tensor is related to the velocity gradients by,
r .. = ,,(cu; + CUi) _2/ II(Wk )O..
IJ r a. a. /3 r a
k
'J
J '
where J.1 is the fluid dynamic viscosity and 0 is the Kronecker delta function. Substitution
ofthe above equation into the conservation ofmomentum yields the Navier-Stokes
Equations.
The equation for the conservation of energy can take several forms. For
compressible flows the total enthalpy, H, equation is used and written as
H h u.u.= +-'-'
2
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and the governing equation for H is obtained by adding the fluid kinetic energy equation to
the static enthalpy equation.
where r is the diffusion coefficient which is defined as ratio offluid dynamic viscosity,lJ.,
to the Prandtl number, cr.
2.2.2 Turbulent Flow Model
Turbulent flows are inherently unsteady with a large range of excited length and
time scales. To solve these equations numerically requires very small time steps and fine
grids. To date, exact solution techniques, such as Direct Numerical Simulation, have only
been applied to low Reynolds number flows due to the excessive CPU and memory
requirements. For most flows, a classical statistical approach is sufficient. This
procedure, first introduced by Reynolds (22), expresses the quantities as a sum of mean
and fluctuating parts and then forms the time average of the continuity and Navier-Stokes
equations. For incompressible flows, Reynolds time averaging is commonly used
IO+T
where ¢J =(1/ r) J¢xlI and T is the period of time averaging
For compressible flows, averaging must also occur over the equation of energy and
equation of state to account for additional fluctuations in density and temperature. A
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method for compressible flows was introduced by Favre (23) which uses density-
weighted mass averaging~
~=¢+ ~" where ¢=Pj and the overbar represents the time average.
p
Applying the Favre averaging procedure to the continuity equation yields,
op () (~)-oa-+ a,;. PUi -
J
Applying the Favre averaging procedure to the Navier-Stokes equations yields,
The derivation of this procedure can be found in many textbooks, e.g. Cebeci and Smith
(24). This procedure replaces the instantaneous terms with the averaged terms, however,
additional unknown terms, -pu:fi;', are introduced. These terms are referred to as the
turbulent shear stresses (or Reynolds stresses) and represent the momentum exchange due
to turbulence. Because ofthese added terms, an additional transport equation must be
introduced to achieve "closure" of the equations. This additional equation, called the
Reynolds stress equation, is found by taking the moment of the Navier-Stokes equation.
This process, however, does not add any new knowledge ofthe physics of turbulence, it
just allows for the modeling or approximations of the unknown correlation in terms of
known properties, so that unknowns and equations are balanced (25).
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The turbulence model used in this study is the k-e model by Launder and Spalding
(26). The k-e model uses two partial differential equations to model the turbulent kinetic
energy equation. The modeled equations are the turbulent kinetic energy, k, and the
turbulent dissipation, e. To estimate the Reynolds stresses, the k-e model first applies the
Boussinesq eddy viscosity approximation which treats the Reynolds stresses as a linear
function ofthe eddy viscosity and mean strain rate,
where k is the half trace ofthe Reynolds stress tensor,
k = !.-u;'ii;' .
2
and I1t is known as the turbulent eddy viscosity,
Launder and Spalding derive the equation for turbulent kinetic energy as,
and the dissipation rate equation is given by,
~(e)+~( .e)=C pPe -C pe2 +~[(jJ+jJl)~]it' P a.:. PuJ &1 k &, k a.: . a a.: .
J J & J
with the production, P, defined as,
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CJl = 0.09
and the closure coefficients have been approximated as, CCI =1.44
Cc =1.92
2
The velocity scale is defined as "'k and the length scale is defined as,
C3/4k 3/4
1= --,-Jl__
e
O"k =1.0
O"c = 1.3
The standard k-e model is often referred to as the high (turbulent) Reynolds
number model because it is most applicable to turbulent regions where the eddy viscosity
is much greater than the molecular viscosity or,
However, in the near-wall regions, viscous effects dominate and the molecular viscosity
may be of the same order ofmagnitude as the turbulent viscosity, thus rendering the high
R~ models invalid. To resolve this problem in CFD-ACE, wall functions are applied near
the wall and the k-e model is applied in the far field (27). The wall functions for turbulent
flow are defined as,
. 1/2
u· =:' where 1', is the friction velocity defined as, 1', =(r;/1) and,
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u+ = ~ln(Ey+) for y+ > 11.5 where from experiments,
K
E = 9.0 and K = 0.4 .
2.2.3 Discretization Methods
A finite volume approach is implemented in CFD-ACE to discretize the flow
domain. In this approach, the domain is divided into a number of cells or finite volumes
and the flow equations are numerically integrated over each finite volume. The governing
equations are expressed in the form of a generalized transport equation with transient,
convection, and diffusion terms transformed to a body-fitted coordinate system. The cell-
centered scheme used in CFD-ACE stores all flow variables and fluid properties at the cell
center which can be considered the average value for that volume. Because the flow
variable values are only known at the cell centers, interpolation schemes are use to
interpolate the value to the cell face. The user has the option of selecting from first-order
upwind, central differencing, second-order upwind, and other higher order schemes. For
this analysis, the first-order upwind scheme was used to initiate the solutions because of its
ability to produce stable computations. After the solutions have reached some degree of
convergence (typically after 450 iterations), the second order upwind scheme has been
used to improve accuracy. Once the general convection diffusion equation has been
discretized term by term over the control volume, they are assembled into a finite
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difference equation (FOE). When the FDE is fonnulated for each computational cell, it
results in a set ofcoupled nonlinear equations,
ap¢p =aw¢w +aE¢E +aN¢N +as¢s +aL¢L +aH¢H
+asw¢sw +aSE¢SE +aNW¢NW +aNE¢NE
+aLS¢LS ++aLN¢LN +aHS¢HS +aHN¢HN
+awr..¢wr.. +aWH¢WH +aEL¢EL +aEH¢EH +Su
The coefficients aN,aS' etc. are called the link coefficients evaluated at the North, South,
East, West, High, Low, Northeast, Northwest, Southeast, and Southwest nodal point
locations as shown in Figure 2-8. Because this FDE is nonlinear, iterative methods must
be employed to solve for the coefficients yielding the flow solution.
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Figure 2-8 Schematic of Control Volume for Discretization Method
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2.2.4 Flow Solution Procedure
The pressure-based solution procedure in CFD-ACE requires a pressure correction
scheme because no partial differential equation is provided for pressure (only p, u, v, w).
The Semi-Implicit Method for Pressure-Linked Equations Consistent (SIMPLEC)
algorithm, developed by Van Doormal and Raithby (28), is implemented to couple the
pressure tenn from the continuity equation with the velocity components derived from the
Navier-Stokes momentum equations to derive a set of equations for corrections to the
pressure and velocity field. In this procedure, an initial pressure field, p., is estimated.
The estimated velocity components, u·, v·, w· are obtained by solving for the link
coefficients in the discretized momentum equations. The mass fluxes through the volume
faces are then evaluated using the discretized continuity equation. The mass source, Sm '
in the control volume is calculated by summing the mass fluxes. The corrected pressure,
p~ , is then calculated from the equation,
The corrected pressure is then used in the discretized equations to correct u, v, w, and the
other scalar quantities. This procedure is repeated until the residuals are reduced by
approximately four orders of magnitude. Thence the solution can be considered to be
converged.
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The flow variables (velocity components, pressure, etc.) are solved iteratively
using a "whole-field" linear equation solver based upon the Strongly Implicit Procedure by
Stone (29). In this procedure, the original matrix form, [A]~ +S is modified as,
[L]V~ =S+[B]~ and V =[U]~
where U and L are upper and lower triangular matrices. The iterative procedure then
begins by evaluating, V k +1 and ~k+1 from
[L]Vk+l =S +[B]~k and
[U]~k+l =Vk+1
To prevent the solutions of the primary variables from diverging, an under-relaxation
scheme is implemented. To do this, additional terms are added to the basic equation set
described in 2.2.4 as follows,
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At convergence, tP p :::: tP p" The value of! is set by the user with values typically between
0.2 (weak under-relaxation) to 0.8 (heavy). The auxiliary variables (p,p, T,fJ) can also
be under-relaxed using the equation,
where () n.... is the updated value of the auxiliary variable and O· is the current iteration
value. In this case, the lower the user sets a, the heavier the under-relaxation.
2.2.5 Boundary Conditions
Boundary conditions must be set for the CFD solution. The boundary conditions
available in CFD-ACE are categorized as inlet, exit, symmetry, and wall boundaries.
The inlet may be specified as a prescribed mass flux or a prescribed total pressure.
For external flows such as the ejection seat, the inlet is simply the atmospheric or wind
tunnel freestream pressure.
Theexit boundary conditions consist of a fixed pressure conditions for
incompressible flows, extrapolated conditions for supersonic conditions, and a
combination offixed and extrapolated for transonic conditions. For a prescribed pressure
exit, the pressure correction equation is modified to include a link to a boundary pressure
correction value of zero. At an extrapolated exit condition, the pressure and velocity are
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extrapolated from the cell center to the boundary. For a combination exit boundary, a
fixed pressure will be prescribed if the exit velocity is subsonic and an extrapolated
condition will be imposed if the exit velocity is supersonic.
The user may specify boundaries that represent symmetric conditions. This
condition allows the user to only specify a half plane geometry thereby significantly
reducing the CPU and memory requirements. At a symmetry boundary the velocity
normal to the boundary is set to zero and for all variables the gradient normal to the
boundary is set to zero. This results in no source for the pressure correction equation and
no contribution to the source term for the other equations.
For wall boundary conditions, the flow is blocked, and therefore, the velocity
normal to the boundary is set to zero and no mass source is included in the pressure
correction.
2.2.6 Grid Generation Techniques
The discretization and flow solution methods discussed in 2.2.4 and 2.2.5 allow for
the flow solution over a collection ofgrid points in a form suitable to the CFD-ACE
structured grid methodology. In a structured grid, the i, j, k indices can be used to identify
cells or grid points in an orderly manner along the three distinct grid lines. For irregular
domains, a transformation from physical space (irregular) to computational space
(rectangular) is performed. The computational grid points must be clustered near the
body to accurately resolve the viscous flow gradients. The grid must also be nearly
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orthogonal to the surface for computation ofnormal gradients such as heat transfer and
skin mction.
,
The use of structured grid methodology has been chosen for this analysis due to its
maturity and success in similar applications. Although unstructured methods have
advantages over structured methods in their ability to generate grids about complex
(
configurations, these methods have difficulty in resolving the viscous behavior near the
body surface. Instead, a multi-domain structured approach has been implemented to
generate orthogonal grids in complicated regions. A 3-D elliptic grid generator by Shieh
(30) was implemented to cluster the grid near the escape system. This code includes line
and orthogonal attraction techniques using Poisson forcing functions.
The elliptic grid generator also contains a fast and efficient procedure to rotate and
adjust elliptic-type grids for varying pitch and yaw angles. In this procedure, algebraic
geometric functions that use Transfinite Interpolation (TFI) methods are used to adjust the
elliptic grid. The user identifies a 3-D box with i, j, k indices to be rotated with respect to
the fixed outer grid. The rotated grid is then adjusted to rotate the cells closest to the box,
yet keeping the far field cells nearly in line with the flow.
2.2.7 Procedure for Calculation of Aerodynamic Coefficients
The ejection seat force and moment coefficients are calculated using the
procedures by Habchi et ai. (31). The total force in the x, y, and z direction on a surface
cell is integrated as follows,
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n; = component of the unit normal in the ith direction,
i; = component of the unit tangential in the ith direction and,
'('s = shear stress
The total force on the body is the summation of the forces on each surface cell.
n
F =I(J;)
j=1 j
The pitching moment Mm, is given by,
Mm=I:=I(Mm)k where M"'t = fFxdz+Fxdx
cell
The yawing moment, Mn, is given by,
Mn- I:=l(M~ t where M IIj = fFxdy + Fydx
cell
And the rolling moment, MI, is calculated as,
M = "",n (M) h fI Lik=l I; k W ere M~ = F:dy +Fydz
cell
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2.2.8 Previous CFD Applications to Bluff Body Problems
Aerodynamic analysis ofan ejection seat with or without stabilization fins is a very
complex application ofCFD methodology. In fact, very little fluid dynamics research has
been focused on highly separated flows around bluffbodies due to the difficulty in the
prediction ofthe turbulence effects. Also, the complex shape requires labor-intensive
surface modeling and grid generation procedures. Currently, there is some progress in the
turbulent flow community with the use of second-order turbulence closure models and
large eddy simulation (LES) procedures, however, these methods significantly increase the
computational time even for simple geometries. Therefore, the application of these
models for ejection seat applications must wait until the computational processing power
of desktop workstations significantly increases before they can be considered practical
engineering methods.
Therefore, this effort does not attempt to find a fix to the problem. Rather, this
research simply surveys the best available methodology to reach an accurate prediction of
the ejection seat aerodynamics within practical computational constraints. It is, however,
advantageous to gain as much knowledge as possible from previous efforts of similar
nature before any ejection seat CFD analysis is attempted. Specifically, the items that
need to be addressed include; applicability of the turbulence model, grid sizing, numerical
solution method, and surface model representation of the ejection seat with pilot
configuration.
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In 1989, Han performed CFD analysis ofa three-dimensional bluffbody with a
ground plane (32). The bluffbody was a simplified automobile-like configuration
commonly named Ahmed's body. This method included a 3-D Navier-Stokes finite
volume solver with pressure implicit split operator (PISO) for pressure and velocity
corrections, and a conjugate-gradient method for solving the system of algebraic
equations. The results of this analysis showed good comparison with experiment
measurements of the surface pressure distribution along the upper faces. The general
shape ofthe recirculation zone in the base region was also captured. However, the
numerical approach had difficulty in predicting the pressure distribution along the rear
vertical face. The value of the total drag coefficient was found to be approximately 30%
higher for the numerical approach. This discrepancy was attributed to the under-
prediction ofthe strength of the trailing vortex and under-prediction of the base pressure
at the rear of the body.
In a study by Rubesin (33), the state of turbulence modeling for compressible
flows was reviewed. Rubesin evaluated the performance ofvarious zero, half, one, and
two-equation turbulence models against several experimental cases. Of interest for this
thesis is the performance in 3-D subsonic and transonic separated flows. From this study,
it was found that the implementation ofwall functions as described in Section 2.2.2 gave
comparable results to other procedures at a significant savings in computational
processing requirements for treatment ofthe near-wall effects.. For 3-D transonic flows
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over a circular bump, the results were found to be insensitive to the choice of turbulent
model.
Some ofthe same conclusions were drawn in a study by Hufford and Habchi (34).
Only minor improvements were witnessed in using the k-& turbulence model versus a
laminar assumption for calculation ofejection seat aerodynamic coefficients. This was
attributed to the separation of the boundary layer being caused primarily by the flow
around sharp comers and not the condition of the boundary layer. The most significant
effect observed in this study was the ability of the k-& turbulence model to improve
convergence of results for higher order numerical schemes. It was also found that
computational grids in excess of200;000 cells were adequate for resolutioll of the ejection
seat flow field details and for calculation of the aerodynamic coefficients. The solutions
also improved when a second-order upwind scheme was used in place of the first-order
upwind scheme.
Based on these findings, the k-E turbulence model has been chosen for the ejection
seat CFD analysis with the realization that the model may have difficulties in the
calculation ofbase drag. This topic may be revisited in the future when computational
processing power matures enough to allow for the implementation ofnumerical schemes
that more accurately represent separated flow phenomena. The ejection seat CFD surface
model and CFD solution methodology implemented in the Hufford study presents a good
baseline for the stabilization fin analysis.
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3.0 RESULTS
Prior to conducting expensive wind tunnel or dynamic ejection tests, much can be
learned about the predicted performance ofa conceptual design using simulation
techniques. The approach taken for this thesis is to use the existing Navy 6 DOF model in
combination with experimental data on flat plates to estimate the potential performance
gains to be recognized with the addition of stabilization fins to NACES with the emphasis
on improving the yaw stabilization problems for low weight pilots. A secondary goal is to
establish stabilization fin design requirements in terms of fin location, sizing, and structural
loading.
This study has also been performed to assess the feasability ofusing CFD methods
to calculate and visualize stabilization fin aerodynamic characteristics. CFD analysis has
been performed for an ejection seat with pilot configuration with and without stabilization
fin at both subsonic (Mach 0.30) and transonic (Mach 0.75) conditions. Ideally, if the
CFD method can be validated at low Mach number flows where the viscous effects are
important, then CFD analysis could replace the expensive transonic wind tunnel testing.
At the very least, CFD analysis can provide a qualitative visualization of the flowfield
which will be ofuse for escape systems designers.
3.1 CFD ANALYSIS
To conduct this study, a previous NACES ejection seat model was used as the
baseline configuration. CFD analysis had been performed with this model (31) for only a
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limited range of angles of attack, sideslip, and Mach number which was not sufficient to
assess the full aerodynamic characteristics, especially the lateral stabilization
characteristics.
3.1.1 Baseline Surface Geometry and Grid Generation
To create a surface model of the complex.ejection seat with crewmember requires
efficient CAD based tools. The escape system geometry must contain a sufficient amount
of surface cells to accurately model distinct physical features, such as the pilot's helmet
and feet, which will affect the calculation' of aerodynamic forces and moments, yet must
not contain too much detail such that solutions on engineering workstations are still
possible.
The surface model obtained from the previous NACES CFD analysis (31) was
unaltered for the baseline calculations. The surface model contains approximately 4,000
surface cells to represent the salient features of the seat/pilot configuration. New
computational grids were generated to account for the new yaw and pitch orientations of
the seat and pilot configuration. The 3-D elliptic grid generator described in Section 2.2.6
was implemented to generate the computational grids for each of the orientations. Figures
3-1 and 3-2 show the resulting side view and top view of the computational grid for the
baseline case at pitch = 0° and yaw = 0°. As can be seen from these figures, the grid is
clustered near the body, yet is probably not of sufficent grid density to resolve any viscous
boundary layer. The computational grid consists of94 I (horizontal) cells, 84 J (vertical)
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cells, and 36 K (lateral) for a total of284,256 computational cells. For cases with an
angle of sideslip, the K cells are doubled to bring the total to 568,512 cells. Figures 3-3,
3-4, and 3-5 show the elliptic grid for varying orientations in pitch and yaw. In each case,
the grids remain clustered and orthogonal to the surface to ensure good convergence of
the solutions.
3.1.2 Baseline CFD Analysis
Atotal of27 baseline CFD solutions were obtained during this study. These
consisted of17 Mach 0.30 simulations as shown in Table 3-1 and 10 Mach 0.75 cases
listed in Table 3-2. Solutions were not obtained in cases with large rotations in pitch and
yaw (e.g. pitch = 45, yaw = 30) because the grid became too stretched which caused cell
skewness near the body. This prevented the solutions from converging in a reasonable
amount of time. The computations were conducted on the Navy's Silicon Graphics Onyx
computer with 8 processors and 512 ME of memory. A typical solution would require
approximately 300 MB of memory and could compute at a rate of approximately 15
iterations per hour. The Mach 0.30 solutions typically required 450 iterations for a
converged solution and the Mach 0.75 would require approximately 600 iterations. All
computations listed here were performed using an upwind scheme and k-E turbulence
model.
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Pitch = -45 -30 -15 0 15 30 45
13= 0 Present Present Present Present Present Present Present
13 =15 ------- Present Present Present Present Present ------
13=30 ------- Present Present Present Present Present ------
Table 3-1 CFD Solution Matrix, Mach 0.30
. Pilcli£
-45 -30 -15 0 15 30 45
13= 0 Present Present Previous Previous Previous Previous Previous
13 =15 ------- Present Present Previous Present Present ------
J3 = 30 ------- Present Present Previous Present Present ------
Table 3-2 CFD Solution Matrix, Mach 0.75
The static pressure distributions on the surface are shown in Figures 3-6 and 3-7
for the pitch 0 - yaw 0 , pitch 30- yaw 0, and pitch 0 - yaw 30 cases. The static pressure is
calculated in units ofPascals (N/m2). The Mach 0.30 case was run at an atmospheric
condition of 101.3 kPa. As expected, the static pressure loading is greatest at the front of
the body and especially along the legs, chest and helmet. The static pressure loading
increases on the lower portion ofthe body when the seat is rotated back 30 degrees.
When the seat is yawed to the windstream, the surface that is fully exposed will receive the
highest static pressures. From the Mach number contours shown in Figures 3-8 and 3-9
for the Mach 0.30 case, the flow decelerates as it approaches the seat and accelerates
around the seat bucket and feet. The flow stagnates at the rear of the seat. The
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acceleration offlow around the upper body and lower body regions creates a low pressure
zone immediately behind the seat as shown in Figures 3-10 and 3-11. The wake continues
for several ejection seat lengths. The total pressure region is highest near the sides of the
seat bucket.
3.1.3 Comparison of Aerodynamic Coefficients
The ejection seat coefficients have been calculated by integrating the shear and
normal pressure components along the surface as described in Section 2.2.7.
Unfortunately, no wind tunnel data is available for direct comparison ofthe NACES CFD
solutions. Rather, the Cx, Cy, Cz, Cm, and Cn coefficients have been plotted against wind
tunnel data ofother ejection seats for Mach 0.30 in Figures 3-12 to 3-16 and 0.75
(Appendices A-I to A-5). As discussed in Section 1.3.3, the roll moment coefficient, Cl,
is not significantly influenced by Mach, a, or p, and therefore is not considered relevant to
this analysis. The complete aerodynamic coefficient data tables are listed in Appendix B.
The Cx and Cz force coefficients match very well with the data. The ability to
obtain total drag coefficients within 5% accuracy for the ejection seat is suprising given
the 30% errors obtained by Han for the automobile configuration previously cited in
Section 2.2.8. The Cy coefficient did not match as well at the higher sideslip angle of 30°.
This is most likely due to the inaccuracies of the turbulence model in a fully separated flow
to predict shear stresses along the body.
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The Cm moment coefficient matched fairly well at moderate pitch angles and
poorly at high pitch-back angles. This is partly due to the sensitivity of the moment
coefficients to geometric differences in regions where the moment arm is greatest, such as
the helmet and lower leg regions. Additional discrepancies may be due to the dynamic
conditions ofthe wind tunnel test. At high angles-of-attack, the manikin legs tend to flex
underneath the ejection seat while the CFD model assumes a rigid body. The bending of
the legs reduces the static loading on the lower leg region below the moment reference
center and, therefore, increases the positive pitch aft moment..
The yaw moment coefficient compared reasonably well at 15 degrees of sideslip,
but poorly at 30 degrees. This is most likely due to a combination ofthe turbulence model
limitations and the flexible legs.
Despite differences in some orientations, the CFD method appears to be a valid
approach to quantifying the baseline aerodynamic characteristics. A baseline data set has
been established from which to compare the results from the stabilization fin concept.
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Figure 3-1 Baseline Computational Grid and Surface Model, Side View, Pitch =0°, Yaw =0°
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Figure 3-6 Static Pressure Distribution, Mach = 0.30, Front View
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Figure 3-7 Static Pressure Distribution, Mach = 0.30, Top View
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Pitch = 0°, Yaw = 30°


~::::;====:::::.=-=-----~-,~-~------
/-~-~''-.......,
;/
I
\
"",' .--....----~
MACH
04-01
0361
0321
0281
0241
0201
0161
0.12
0,0803
0.0401
o
1/;;·/F
_. c.~,_..c..~.~_~ ..__-,,~.. -L._,._J._LLt
Figure 3-8 Mach Number Contours, Mach = 0.30, Top View
84

~
rIJ.
l.
:=
0
V)-+-':= 000
U
l.
~
,.Q
=:=Z
.c:
<:.I
ell
~
0\
I
~
~
l.
:=
.~
~
Figure 3-10 Total Pressure Distributiou, Mach = 0.30, Pitch = 0 Yaw = 0° and Pitch = 0° Yaw = 30°
86
TOTAL_P
1,11£+05
1,1£+05
1,08£+05
1,06£+05
1,04£+05
1,0:3£+05
1,01£+05
9,g1 £+04
9.74£+04
9.56£+04
9.39£+04
~~~-------~--------------~------------- -------
Figure 3-10 Total Pressure Distribution, Mach = 0.30, Pitch = 0 Yaw = 0° and Pitch = 0° Yaw = 30°
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Figure 3-11 Total Pressure Distribution, Mach = 0.30, Pitch = 30 Yaw = 0° and Pitch = 0° Yaw = 0°
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Figure 3-15 Comparison of Cy Coefficient, Mach = 0.30, Alpha = 0°
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3.2 CFD ANALYSIS OF STABILIZATION FIN CONFIGURATION
The stabilization fin concept considered in the CFD portion of this study is
representative of the maximum surface area available along the NACES seat bucket. The
dimensions of this configuration are shown in Figure 3-8. The total surface area of this
configuration is 1.0 square feet. The fin was deployed at a distance of 1 foot from the seat
bucket. This distance was chosen because the baseline analysis has shown that the
dynamic pressure is greatest approximately 10-12 inches out from the seat bucket. The fin
was translated back behind the seat bucket another foot to provide a significant moment
arm in the yaw direction.
3.2.1 Ejection Seat with Stabilization Fin - Surface Geometry and Grid Generation
For this study, a CAD-based software package, CFD-GEOM, was used to create
the surface geometry and computational grid of the seat with stabilization fin geometry
using the baseline NACES geometry in Section 3.1. CFD-GEOM is a product of CFD
Research Corp. and contains efficient links to their flow solver, CFD-ACE. CFD-GEOM
allows the user to build the computational geometry representation through a combination
of points, curves, lines, faces, edges, and blocks (35). A set offour edges creates a face
and a set of six faces creates a block. The grid spacing is specified along the edges.
To model the stabilization fin, the original NACES geometry was broken down
from blocks (Figure 3-9) into faces (Figure 3-10). The faces corresponding to the ejection
seat side bucket were then copied and translated out approximately 1 foot (Figure 3-11).
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From there the computational blocks had to be recreated to represent the area in between
the seat bucket and stabilization fin. Grid lines were generated from the body and
stabilization fin to form "edges" ofthe structured grid. The edge editor was used to
distribute grid points along the lines. Functional coefficient values were set to cluster the
grid points near the body and regions where large flow gradients may exist. Once, a
topological block is established, an algebraic computational grid can then be formed
around the ejection seat (Figure 3-12). The user then has to specify which cells are
blocked to the flow. Figure 3-13 shows the final surface model.
3.2.2 Ejection Seat with Stabilization Fin - CFD Analysis
CFD solutions were obtained for the NACES ejection seat with stabilization fins
for Mach 0.30 and 0.75. For each airspeed, CFD solutions were obtained at three
orientations of sideslip, p=0°, 15°, and 30°. All were at an angle-of-attack of 0°. As
with the baseline case, a typical upwind solution at Mach 0.30 converged after 450
iterations on the Silicon Graphics Onyx. However, each iteration was significantly slower
(10 iterations per hour vs. 15/hr.) due to the added fins which increased the grid density.
To improve accuracy, the solutions were repeated using a second-order upwind scheme
which required approximately 900 iterations to reach convergence.
The results of the static pressure distribution on the ejection seat and stabilization
fin are shown in Figure 3-22 (Mach 0.30) and Figure 3-23 (Mach 0.75). The normalized
distribution ofstatic pressure along the seat, crewmember, and fin are similar for the Mach
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0.30 and 0.75 cases. The highest concentration of static pressure occurs near the leading
edge ofthe fin. For the P= 15° case, the static distribution on the fully exposed fin is only
slightly higher than the opposing fin. At P= 30°, the surface pressures are significantly
higher on the exposed fin than the shielded fin and slightly higher than the seat bucket.
The Mach number contours for the stabilization fin flowfields are shown in Figure
3-24 (Mach 0.30) and Figure 3-25 (Mach 0.75). On the exposed side, the flow
accelerates between the fin and the side of the ejection seat bucket. On the shielded side,
the flow accelerates around the knee and stagnates between the fin and seat bucket. For
the P= 30° case, the flow wake is much larger than the p= 15° case. Similar trends are
witnessed for both the Mach 0.30 and 0.75 cases.
The total pressure contours for the stabilization fin flowfields are shown in Figure
3-26 (Mach 0.30) and Figure 3-27 (Mach 0.75). As expected, the total pressure is
greatest in regions where the flow velocity is also the highest.
3.2.3 Comparison of Aerodynamic Coefficients
The aerodynamic coefficients were also calculated for the ejection seat with
stabilization configuration. Table 3-3 summarizes the Mach 0.30 and 0.75 results with
those obtained for the baseline NACES and flat plate approximation described in Section
2.1.6. The flat plate approximation is for a fin area of 1.0 sq. ft., an angle-of-incidence
equal to the seat sideslip angle, and no contribution from the blanked fin.
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The CFD prediction with first-order upwind scheme compares very close to the
flat plate prediction for P=30° but overpredicts the flat plate prediction for P= 15°. The
results for the second order upwind scheme did not improve the comparison to the flat
plate approximation as did the upwind scheme. This indicates that the first-order upwind
solutions are adequate for this analysis.
Mach Number 0.30 0.75
Sideslip 15 30 15 30
Baseline NACES - upwind 0.367 0.734 0.354 0.776
Baseline NACES - SOU 0.228 0.604 0.273 0.678
NACES with fin - upwind 0.476 0886 0.476 0.936
NACES with fin - SOU 0.410 0.769 0.434 0.864
A Cy (upwind) 0.143 0.152 0.122 0.160
ACy(SOU) 0.182 0.165 0.161 0.186
A Cy (Approximation) 0.088 0.158 0.088 0.158
Table 3-3 Comparison of Side Force Aero Coefficients (Cy)
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Figure 3-17 Ejection Seat With Stabilization Fin Geometry Model, Block and Face Representations
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Figure 3-18 Ejection Seat With Stabilization Fin Geometry Model, Line Representation, Far and Near Top View
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Figure 3-19 Ejection Seat with Stabilization Fin Surface Model
99
0
0
II
~
~
~
0
0
II
.c
C,,/
-~
-0
...
s..
~
C,,/
.;
s..
,.Q
Q,l
I,)ll
~
=ri:
=
0
.sa 0......
-
~
~
...
.c
~
-
rI)
.c
-~
-~Q,l
rI)
=
.sa
-
C,,/
Q,l
~
0
N
I
!"')
Q,l
s..
:l
I,)ll
ri:
101
p
1,08E+05
1,06£+05
1,04E+05
1,02E+05
1E+05
9,8E+04
9,59E+04
9,38E+04
9,17E+04
8,96E+04
8,75E+04
Figure 3-22 Ejection Seat With Stabilization Fin, Static Pressure Distribution, Mach = 0.30, Pitch = 0, Yaw = 15 and 30
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Figure 3-23 Ejection Seat With Stabilization Fin, Static Pressure Distribution, Mach = 0.75, Pitch = 0, Yaw = 15 and 30
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Figure 3-24 Ejection Seat With Stabilization Fin, Mach Number Contours, Mach =0.30, Pitch = 0, Yaw = 15 and 30
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Figure 3-25 Ejection Seat With Stabilization Fin, Mach Number Contours, Mach = 0.75, Pitch = 0, Yaw = 15 and 30
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Figure 3-26 Ejection Seat With Stabilization Fin, Total Pressure Contours, Mach = 0.30, Pitch = 0, Yaw = 15 and 30
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Figure 3-26 Ejection Seat With Stabilization Fin, Total Pressure Contours, Mach = 0.30, Pitch = 0, Yaw = 15 and 30
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Figure 3-27 Ejectiolll Seat With Stabilization Fin, Total Pressure COllltours, Mach = 0.75, Pitch = 0, Yaw = 15 allld 30
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3.3 SIX DEGREE OF FREEDOM ANALYSIS
Ejection seat simulations have been performed with the Navy's ACCESS six
degree-of-freedom (6DOF) ejection seat model to predict the dynamic performance of
stabilization fins when added to NACES. The speed and relative accuracy ofa 6DOF
simulation is very beneficial to escape systems engineers for performing parametric studies
on different design concepts. One simulation only requires about 30 seconds ofCPU time
on a Pentium-class personal computer.
The 6 DOF simulations used the flat plate approximation as discussed in Section
2.1.6 to model the aerodynamic effect of the fin. The fin aero model was activated
immediately after leaving the aircraft at approximately 0.20 seconds from ejection
initiation. The NACES drogue model was active for all simulations with a drogue fill time
from 0.28 to 1.0 seconds from initiation. The goal of the simulation is to find a concept
that will reduce the lateral accelerations below physiological threshold level of 15 g's.
3.3.1 Configurations Matrix
Six degree-of-freedom simulations were performed for 450 and 600 KEAS
ejections 100 lb. (small female) and 135 lb. (small male) crewmembers with and without
stabilization fin. For this study, variations were made in the fin deployment angle, a.,
surface area ofthe exposed fin, S, and horizontal distance, x, from the reference point.
Table 3-4 lists the values for each of the configurations investigated for this study.
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Fin a. S (re) x (rt)
AlSlXl 0 0.375 +0.25
AlSlX2 0 0.375 0.0
AlSlX3 0 0.375 -0.25
AlSlX4 0 0.375 -0.50
AlSlX5 0 0.375 -0.75
AlSlX6 0 0.375 -1.0
AlS2Xl 0 1.0 +0.25
AlS2X2 0 1.0 0.0
AlS2X3 0 1.0 -0.25
AlS2X4 0 1.0 -0.50
AlS2X5 0 1.0 -0.75
AlS2X6 0 1.0 -1.0
A2S1Xl 15 0.375 +0.25
A2S1X2 15 0.375 0.0
A2S1X3 15 0.375 -0.25
A2S1X4 15 0.375 -0.50
A2S1X5 15 0.375 -0.75
A2S1X6 15 0.375 -1.0
A2S2Xl 15 1.0 +0.25
A2S2X2 15 1.0 0.0
A2S2X3 15 1.0 -0.25
A2S2X4 15 1.0 -0.50
A2S2X5 15 1.0 -0.75
A2S2X6 15 1.0 -1.0
Table 3-4 Stabilization Fin Simulation Parameters
3.3.2 6 DOF Simulation Results
All stabilization fin configurations show significant improvement in the lateral
stabilization characteristics of the NACES ejection seat. The aerodynamic effect of the fin
is most pronounced in the time between rail separation and drogue parachute line stretch.
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During this period, the ejection seat velocity is greatest and the drogue parachute has not
opened to begin stabilizing the seat.
The simulated sideslip angle and Gy acceleration were chosen as the stabilization
fin measures of effectiveness. A numerical procedure was written to extract the maximum
peak sideslip angle and lateral acceleration levels calculated by the 6DOF model. These
values are tabulated for all simulations in Appendix B. Plots have been generated for the
simulation at 600 knots ejection airspeed with 100 lb. crewmember. This case represents
the worst-case yaw instability due to the high initial velocity and low mass and low
moments-of-inertia.
Figure 3-28 shows the effect offin displacement, x, on sideslip angle for a 600
knot simulation with 100 lb. crewmember. As expected, the sideslip angle is reduced as
the aft distance of the fin is increased due to an increase in yaw moment arm. This same
trend is shown for lateral acceleration levels in Figure 29. This is because the lateral
accelerations are directly related to the orientation of ejection seat during the drogue
parachute opening event which begins at 0.28 seconds.
The effects offin surface area and initial deployment angle are shown for the angle
of sideslip (Figures 3-30) and lateral acceleration (Figure 3-31) for the 600 KEAS, 100 lb.
crewmember simulation. As expected, increasing the fin area (S 1 and S2), will increase
the effectiveness of the stabilization fin due to the linear relationship of force to surface
area. The initial deployment angle appears to have the greatest affect on fin effectiveness.
Increasing the initial deployment angle from 0° (AI) to 15° (A2) allows the fin to provide
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meaningful stabilization at the early stage in the ejection sequence. In fact, when
combined with the largest surface area (configuration A2S2), the fin induces an increase in
lateral acceleration early in the deployment sequence which causes it to over-correct in
yaw. Fortunately, this oscillation is damped quite quickly and the lateral acceleration level
is reduced to null much sooner than the baseline case.
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4.0 CONCLUSIONS
All goals of this research study have been met. Two computational tools have
been evaluated for their feasibility and applicability to the simulation ofthe aerodynamic
effect of ejection seat stabilization devices.
An approximation method based on experimentally measured flat plate flows has
been compared to wind tunnel tests of ejection seat stabilization concepts with better than
anticipated accuracy. This approximation method was successfully transitioned into the 6
DOF model for dynamic analysis.
An ejection seat six degree-of-freedom model has been effectively upgraded to
model arbitrary stabilization fins. Results of different fin configurations showed expected
trends. As the fin moment arm and surface area is increased, the yaw stabilization
performance improves. It was found that a large fin with an initial deployment angle
actually overshoots in yaw, but damps out to a null position rather quickly. The results
from the 6DOF analysis will be very beneficial to the development of future ejection seat
designs.
A CFD code was implemented for aerodynamic analysis of an ejection seat with
stabilization fin. To build this computational geometry was very labor intensive due to the
complex configuration and the nature of structured grid methodology. Once the surface
model had been created, special attention had to be given to the density and distribution of
grid points in the computational domain. Once a smooth elliptic grid was created and
ready for simulation, convergence to a final single point solution required several hours on
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a powerful workstation. This left very little time to devote to additional simulation
conditions and fin configurations. The resulting aerodynamic coefficient data compared
reasonably well with expected values (no test data is available for validation) but no better
than the approximate method. The CFD method has proven to be impractical for the
engineering purpose of calculating aerodynamic coefficients of conceptual ejection seat
designs. The greatest benefit to accrue from this analysis may have been in the ability to
produce qualitative flowfield plots ofMach number and total pressure and the static
pressure distribution along the stabilization fin. This will be ofuse to the ejection seat
structural analyst for the design of a fin deployment mechanism. Also, the flowfield plots
will be useful for wind tunnel testing to predict potential blockage effects.
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APPENDIX A
COMPARISON OF EJECTION SEAT AERODYNAMIC COEFFICIENTS
MACH 0.75
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APPENDIXB
STABILIZATION FIN 6 DOF RESULTS - MAXIMUM PEAKS
MACH 0.75
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Config fin angle S (ft2) X Beta Min Beta Max GyMin GyMax
AOSOXO 0 0 0 -50.3 2.9 -14.6 1.8
A1S1X1 0 0.375 0.25 -39.1 3.4 -11.9 2.1
A1S1X2 0 0.375 0.00 -37.3 3.4 -11.3 2.0
A1S1X3 0 0.375 -0.25 -35.7 3.4 -10.8 2.0
A1S1X4 0 0.375 -0.50 -34.2 3.4 -10.2 2.0
A1S1X5 0 0.375 -0.75 -32.6 3.3 -9.7 2.0
A1S1X6 0 0.375 -1.00 -31.1 3.3 -9.2 2.0
A1S2X1 0 1.00 0.25 -26.0 4.1 -8.4 2.4
A1S2X2 0 1.00 0.00 -23.2 3.8 -7.3 2.3
A1S2X3 0 1.00 -0.25 -20.8 3.5 -6.4 2.2
A1S2X4 0 1.00 -0.50 -18.7 3.2 -5.7 2.0
A1S2X5 0 1.00 -0.75 -17.0 3.0 -5.3 1.9
A1S2X6 0 1.00 -1.00 -15.8 3.0 -5.0 1.9
A2S1X1 15 0.375 0.25 -27.6 3.3 -7.9 2.3
A2S1X2 15 0.375 0.00 -24.9 3.3 -7.2 2.2
A2S1X3 15 0.375 -0.25 -22.5 3.1 -6.3 2.2
A2S1X4 15 0.375 -0.50 -20.3 3.0 -5.5 2.1
A2S1X5 15 0.375 -0.75 -18.3 2.9 -5.0 2.0
A2S1X6 15 0.375 -1.00 -16.7 2.9 -4.7 2.0
A2S2X1 15 1.00 0.25 -12.3 7.8 -5.0 4.4
A2S2X2 15 1.00 0.00 -11.5 9.8 -4.8 5.0
A2S2X3 15 1.00 -0.25 -10.9 11.6 -4.6 5.5
A2S2X4 15 1.00 -0.50 -10.4 12.8 -4.5 5.8
A2S2X5 15 1.00 -0.75 -10.1 13.5 -4.4 5.9
A2S2X6 15 1.00 -1.00 -9.8 13.8 -4.4 6.0
Table B-1 Stabilization Fin 6 DOF Results - Maximum Peaks
KEAS =450, Crewmember Weight =100 lb.
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Config fin angle S (ft2) X Beta Min Beta Max GyMin GyMax
AOSOXO 0 0 0 -41.6 3.2 -11.1 1.8
A1S1X1 0 0.375 0.25 -32.9 3.6 -9.2 2.0
A1S1X2 0 0.375 0.00 -31.4 3.5 -8.7 1.9
A1S1X3 0 0.375 -0.25 -30.0 3.5 -8.2 1.9
A1S1X4 0 0.375 -0.50 -28.6 3.5 -7.8 1.9
A1S1X5 0 0.375 -0.75 -27.3 3.4 -7.3 1.9
A1S1X6 0 0.375 -1.00 -26.1 3.4 -6.9 1.9
A1S2X1 0 1.00 0.25 -22.3 4.0 -6.4 2.2
A1S2X2 0 1.00 0.00 -19.9 3.7 -5.5 2.1
A1S2X3 0 1.00 -0.25 -17.8 3.4 -5.0 2.0
A1S2X4 0 1.00 -0.50 -16.0 3.2 -4.5 1.9
A1S2X5 0 1.00 -0.75 -14.6 3.1 -4.2 1.8
A1S2X6 0 1.00 -1.00 -13.5 3.1 -3.9 1.8
A2S1X1 15 0.375 0.25 -21.7 3.3 -5.6 2.1
A2S1X2 15 0.375 0.00 -19.3 3.2 -4.8 2.0
A2S1X3 15 0.375 -0.25 -17.2 3.0 -4.4 1.9
A2S1X4 15 0.375 -0.50 -15.4 3.0 -4.0 1.8
A2S1X5 15 0.375 -0.75 -13.9 3.0 -3.7 1.8
A2S1X6 15 0.375 -1.00 -12.7 3.2 -3.4 1.8
A2S2X1 15 1.00 0.25 -9.6 7.5 -3.8 3.9
A2S2X2 15 1.00 0.00 -9.0 8.9 -3.7 4.3
A2S2X3 15 1.00 -0.25 -8.5 9.9 -3.6 4.6
A2S2X4 15 1.00 -0.50 -8.1 10.5 -3.5 4.6
A2S2X5 15 1.00 -0.75 -7.8 10.6 -3.4 4.6
A2S2X6 15 1.00 -1.00 -7.6 10.5 -3.3 4.6
Table B-2 Stabilization Fin 6 DOF Results - Maximum Peaks
KEAS = 450, Crewmember Weight = 135 lb.
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Config fin angle S (ft2) X Beta Min Beta Max GyMin GyMax
AOSOXO 0 0 0 -66.3 14.4 -27.2 6.1
A1S1X1 0 0.375 0.25 -52.9 14.2 -22.6 . 6.7
A1S1X2 0 0.375 0.00 -50.6 14.3 -21.8 6.8
A1S1X3 0 0.375 -0.25 -48.4 14.4 -21.0 6.8
A1S1X4 0 0.375 -0.50 -46.1 14.5 -20.1 6.9
A1S1X5 0 0.375 -0.75 -43.9 14.7 -19.4 7.0
A1S1X6 0 0.375 -1.00 -41.9 14.9 -18.8 7.1
A1S2X1 0 1.00 0.25 -34.5 19.3 -18.3 10.1
A1S2X2 0 1.00 0.00 -31.0 18.6 -16.7 10.0
A1S2X3 0 1.00 -0.25 -27.9 18.1 -15.1 9.8
A1S2X4 0 1.00 -0.50 -25.1 17.4 -13.6 9.6
A1S2X5 0 1.00 -0.75 -22.7 16.9 -12.4 9.3
A1S2X6 0 1.00 -1.00 -20.7 16.2 -11.5 9.2
A2S1X1 15 0.375 0.25 -42.8 14.2 -18.8 7.2
A2S1X2 15 0.375 0.00 -39.4 14.1 -17.4 7.1
A2S1X3 15 0.375 -0.25 -35.8 13.9 -15.9 7.2
A2S1X4 15 0.375 -0.50 -32.3 14.0 -14.5 7.2
A2S1X5 15 0.375 -0.75 -28.9 14.3 -13.2 7.4
A2S1X6 15 0.375 -1.00 -26.1 14.7 -12.2 7.6
A2S2X1 15 1.00 0.25 -16.9 23.6 -11.6 14.3
A2S2X2 15 1.00 0.00 -15.5 22.9 -11.2 14.1
A2S2X3 15 1.00 -0.25 -14.6 21.5 -10.9 13.4
A2S2X4 15 1.00 -0.50 -14.0 19.2 -10.6 12.4
A2S2X5 15 1.00 -0.75 -13.6 16.3 -10.4 11.2
A2S2X6 15 1.00 -1.00 -13.2 13.3 -10.3 9.7
Table B-3 Stabilization Fin 6 DOF Results - Maximum Peaks
KEAS =600, Crewmember Weight =100 lb.
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Config fin angle S (ft2) X Beta Min Beta Max GyMin GyMax
AOSOXO 0 0 0 -57.7 12.2 -22.9 5.4
A1S1X1 0 0.375 0.25 -43.8 13.0 -18.8 6.3
A1S1X2 0 0.375 0.00 -41.7 13.1 -18.2 6.2
A1S1X3 0 0.375 -0.25 -39.7 12.9 -17.6 6.2
A1S1X4 0 0.375 -0.50 -37.8 12.6 -16.9 6.2
A1S1X5 0 0.375 -0.75 -36.0 12.5 -16.1 6.1
A1S1X6 0 0.375 -1.00 -34.3 12.4 -15.4 6.1
A1S2X1 0 1.00 0.25 -29.3 15.2 -15.3 8.1
A1S2X2 0 1.00 0.00 -26.3 14.4 -13.9 7.9
A1S2X3 0 1.00 -0.25 -23.6 13.7 -12.6 7.5
A1S2X4 0 1.00 -0.50 -21.4 12.9 -11.5 7.3
A1S2X5 0 1.00 -0.75 -19.5 12.3 -10.7 7.0
A1S2X6 0 1.00 -1.00 -18.0 11.6 -10.0 7.0
A2S1X1 15 0.375 0.25 -32.5 12.1 -14.2 6.4
A2S1X2 15 0.375 0.00 -29.2 12.0 -12.9 6.4
A2S1X3 15 0.375 -0.25 -26.2 12.0 -12.1 6.4
A2S1X4 15 0.375 -0.50 -23.9 11.7 -11.3 6.4
A2S1X5 15 0.375 -0.75 -21.8 11.5 -10.4 6.3
A2S1X6 15 0.375 -1.00 -20.0 11.1 -9.7 6.2
A2S2X1 15 1.00 0.25 -14.6 17.9 -9.9 11.1
A2S2X2 15 1.00 0.00 -13.4 16.9 -9.4 11.0
A2S2X3 15 1.00 -0.25 -12.5 15.2 -9.0 10.4
A2S2X4 15 1.00 -0.50 -11.9 13.2 -8.7 9.6
A2S2X5 15 1.00 -0.75 -11.5 11.1 -8.5 8.5
A2S2X6 15 1.00 -1.00 -11.1 9.6 -8.3 7.8
Table B-4 Stabilization Fin 6 DOF Results - Maximum Peaks
KEAS =600, Crewmember Weight =135 lb.
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